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The 2016 North Atlantic hurricane season:
A season of extremes
Jennifer M. Collins1 and David R. Roache1
1School of Geosciences, University of South Florida, Tampa, Florida, USA
Abstract The 2016 North Atlantic hurricane season had an early start with a rare and powerful storm
for January impacting the Azores at hurricane force. Likewise, the end of season heralded Otto which
was record breaking in location and intensity being a high-end Category 2 storm at landfall over
southern central America in late November. We show that high precipitable water, positive relative
vorticity, and low sea level pressure allowed for conducive conditions. During the season, few storms
occurred in the main development region. While some environmental conditions were conducive for
formation there (such as precipitable water, relative vorticity, and shear), the midlevel relative humidity
was too low there for most of the season, presenting very dry conditions in that level of the atmosphere.
We further ﬁnd that the October peak in the accumulated cyclone energy was related to environmentally
conducive conditions with positive relative humidity, precipitable water, relative humidity, and low
values of sea level pressure. Overall 2016 was notable for a series of extremes, some rarely, and a few
never before observed in the Atlantic basin, a potential harbinger of seasons to come in the face of
ongoing global climate change.
1. Introduction
Tropical cyclones which form in the North Atlantic basin, with many having a west-north-west track toward
the United States, receive considerable attention not only from the public but also from the research commu-
nity. With the damage and destruction hurricanes inﬂict on the eastern sea-board of the United States in
particular, Mexico and Islands, the North Atlantic hurricane basin is one of the most widely studied.
Tropical cyclone activity varies considerably from year to year. Several authors have discussed factors which
they note are important for tropical cyclone formation. Palmén [1948] was the ﬁrst to emphasize the impor-
tance for tropical cyclone development of a critical sea surface temperature, which he related to atmospheric
instability. Likewise, the importance of instability was also noted by Namias [1954]. Gray [1979] developed a
list of six local environmental variables which he noted affects seasonal tropical cyclone development. This
list included both dynamic and thermodynamic factors. Others have provided additional insight into factors
which affect tropical cyclone formation including Knaff [1997], Lupo et al. [2008], and Elsner and Kara [1999]
who each highlighted the nonlocal relationship between El Niño–Southern Oscillation (ENSO) and North
Atlantic tropical cyclone activity. Evan et al. [2006] further identiﬁed African dust outbreaks as a factor which
limits Atlantic tropical cyclone activity due to their association with low atmospheric moisture, high vertical
wind shear, and stability.
Since these works, speciﬁc hurricane seasons have been studied, where a discussion is given of the nuances
of that season. For instance, Collins and Roache [2010] examined the 2009 North Atlantic hurricane season
noting when considering overall hurricane activity: it was below normal, and there was a late start to the sea-
son, which is in contrast to the 2016 season. Collins and Roache [2010] and Collins and Roache [2011] also note
sharp intraseasonal variability during the 2009 hurricane season for the North Atlantic and eastern North
Paciﬁc, respectively. More recently, Collins et al. [2016] and Murakami et al. [2017] examined the 2015 hurri-
cane season in the eastern North Paciﬁc and note the relationship of the strong El Niño and the season of
extremes in terms of several environmental variables.
The purpose of this paper is to show why the 2016 North Atlantic hurricane season was unique. This paper
details the early start to the hurricane season, the record-breaking location and intensity of events at the
end of the season, the ﬁrst Category 5 hurricane in almost a decade, the lack of storms in the main develop-
ment region (MDR: 10°N to 20°N and 20°W to 60°W [Saunders and Harris, [1997]), the ﬁrst observed season
with two Category 4 or stronger storms in the month of October, the ﬁrst observed season with two
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storms striking both Bermuda and
the Azores, and the large-scale
environmental factors associated
with the variations in tropical
cyclone activity throughout the
North Atlantic for the 2016 season.
2. Data
Tropical cyclone records from
1900 to 2015 were obtained from
the HURricane DATa second gen-
eration database [Landsea and
Franklin, 2013] (available online
at http://www.aoml.noaa.gov/hrd/
hurdat/Data_Storm.html). This
database contains tropical cyclone
location and intensity information
available at six-hourly intervals.
For 2016 data, we utilized opera-
tional best track data generated
by the National Hurricane Center as archived by the University Corporation for Atmospheric Research located
online at http://www.ral.ucar.edu/hurricanes/repository/data/bdecks_open/. We use tropical cyclone num-
bers and the accumulated cyclone energy (ACE) to compare the seasons and activity within the season.
Bell et al. [2000] deﬁne ACE as the sum of the squares of the maximum sustained surface wind speed (knots)
measured every 6 h for all named systems while they are at least tropical storm strength and not extratropical
in phase.
ACE ¼ 104Σ v2 max (1)
where vmax is estimated sustained wind speed in knots
We utilize the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) reanalysis to analyze atmospheric and oceanic large-scale parameters. The data are avail-
able from 1948 to Present [Kalnay et al., 1996] and can be downloaded from https://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.html#detail. The global data are available in the NCEP/NCAR reanaly-
sis for six-hourly andmonthly time resolution, for several vertical levels (the number of which depends on the
examined variable), and on a 2.5° × 2.5° latitude-longitude grid. The comprehensive observational database
and the period covered are two characteristics which make the NCEP/NCAR reanalysis project unique,
making the data suitable for this study. Collins and Mason [2000] and Kalnay et al. [1996] have addressed con-
ﬁdence in these data. All atmospheric ﬁelds obtained from NCEP/NCAR reanalysis are ranked from 1948
to 2016.
Mean climatological statistics for all data sets were calculated for the 1981–2010 period. The months
August to October are used to average the monthly environmental data as these correspond to the peak
tropical cyclone activity in the North Atlantic. The rank of each variable is determined from the entire
NCEP/NCAR reanalysis period of 1948–2016, for the purpose of comparing 2016 values to previous sea-
sons. Rank order is deﬁned by anomaly values which are favorable to tropical cyclone activity—hence, 1
would be the season most conducive for tropical cyclone activity (for example, negative anomalies for
vertical wind shear and positive anomalies for relative humidity) and 69 the least conducive for tropical
activity for atmospheric parameters.
3. Results
3.1. Analysis of the 2016 North Atlantic Season: Tropical Cyclone Activity
Tables 1 and 2 show tropical cyclone activity in 2016, by storm and by month, respectively. The 2016 season
was slightly above-average overall when considering ACE (129). There were 15 tropical storms, 7 hurricanes,
Table 1. 2016 Tropical Cyclone Activity by Storma
Name NS NSD H HD IH IHD ACE
2016 15 72.00 7 25.75 3 9.75 128.7025
Alex 1 2.25 1 1.00 0 0.00 3.5700
Bonnie 1 1.50 0 0.00 0 0.00 0.7725
Charlie 1 1.50 0 0.00 0 0.00 1.1350
Danielle 1 0.50 0 0.00 0 0.00 0.3200
Earl 1 4.00 1 0.50 0 0.00 3.7950
Fiona 1 4.25 0 0.00 0 0.00 2.4250
Gaston 1 11.25 1 5.50 1 1.50 24.1625
Hermine 1 3.00 1 0.75 0 0.00 3.7450
Ian 1 3.00 0 0.00 0 0.00 2.1000
Julia 1 1.25 0 0.00 0 0.00 0.6125
Karl 1 8.00 0 0.00 0 0.00 5.7250
Lisa 1 3.50 0 0.00 0 0.00 2.2600
Matthew 1 11.00 1 9.75 1 7.25 47.6925
Nicole 1 13.00 1 6.25 1 1.00 23.6550
Otto 1 4.00 1 2.00 0 0.00 6.7325
aNamed storms (NS), named storm days (NSD), hurricanes (H), hurricane
days (HD), intense hurricanes (IH), intense hurricane days (IHD), and
accumulated cyclone energy (ACE). 1 denotes it reached the intensity of
the tropical cyclone category; 0 denotes it did not.
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and 3 intense hurricanes (see
Figure 1). The averages for the
period of 1981–2010 are 11.8, 6.4,
and 2.7, respectively. As can
be seen, one hurricane (Alex)
occurred in January. As shown in
Figure 1, this storm impacted the
Azores at hurricane force. Later in
the season, Gaston also impacted
the Azores at tropical storm
strength. Interestingly, this is the
ﬁrst observed season where both
the Azores and Bermuda were
impacted by two tropical cyclones
(Bermuda: Karl and Nicole). While
some tropical storms occurred in
May and June, no hurricanes formed again until August. As expected given that these months are the
peak of activity in the North Atlantic, August through October had the most activity, generating 90% of
the total ACE for the 2016 season. All the intense hurricanes of the season occurred in these peak months.
It is notable that the month of October alone generated the most ACE for the season (over 50% of the
season’s total), and for the ﬁrst time, October saw two tropical cyclones of Category 4 or higher intensity in
the North Atlantic basin. Furthermore, if we examine October hurricanes passing near Bermuda, Nicole
was only the ﬁfth to do so since 1950. Activity ended in November, with Hurricane Otto making a
historically late southern landfall and becoming one of the few tropical cyclones to cross from the North
Atlantic into the eastern North Paciﬁc basins.
Table 2. Tropical Cyclone Activity by Montha
Month NS NSD H HD IH IHD ACE
2016 15 72.00 7 25.75 3 9.75 128.7025
January 1 2.25 1 1.00 0 0.00 3.5700
May 1 0.75 0 0.00 0 0.00 0.4050
June 3 2.75 0 0.00 0 0.00 1.8225
July 0 0.00 0 0.00 0 0.00 0.0000
August 4 17.50 2 4.75 1 1.50 26.7025
September 7 23.25 3 3.25 1 0.25 22.9450
October 2 21.50 2 14.75 2 8.00 66.5250
November 1 4.00 1 2.00 0 0.00 6.7325
aNamed storms (NS), named storm days (NSD), hurricanes (H), hurricane
days (HD), intense hurricanes (IH), intense hurricane days (IHD), and accu-
mulated cyclone energy (ACE). Note that monthly storm count statistics
are not summative to yearly totals due to overlapping of tropical cyclones
across consecutive months; duration and ACE statistics are summative.
Figure 1. 2016 storm tracks.
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Table 3 shows the duration of the
2016 tropical cyclone season com-
pared with other long seasons. It
can be seen that the 2016 season
ranks second in terms of length of
season spanning 318 days. The long-
est season occurred in 1951 spanning
342 days. The year 2016 marked the
ﬁrst season in nearly a decade for
a Category 5 to form (Hurricane
Matthew). The length of this quiet stretch (in terms of Category 5 storms) just prior to the 2016 season is
the longest in the satellite era and the second longest ever observed in the basin since the ﬁrst known
Category 5 in 1924.
3.2. Analysis of the 2016 North Atlantic Season: Environmental Conditions
The 2016 hurricane season started during a very strong El Niño event, with neutral ENSO conditions prevail-
ing through much of the hurricane season, trending toward La Niña conditions. An examination of precipita-
ble water, vertical wind shear, and relative vorticity in Figures 2a–2c shows that when considering these
environmental variables, conditions were conducive in 2016 over the MDR of the North Atlantic. However,
Table 3. Top 5 Years With the Longest Duration of the Tropical
Cyclone Season
Season Begin End Duration Rank
1951 1/4 12/11 342 1
2016 1/13 11/25 318 2
1938 1/3 11/9 311 3
1955 1/1 10/19 292 4
1978 1/19 11/1 287 5
Figure 2. (a) August–October precipitable water means (contours) and anomalies (shading) in mm. (b) August–October 850 hPa vorticity means (contours) and
anomalies (shading) in 106 s1. (c) August–October 850 hPa–200 hPa vertical wind shear means (contours) and anomalies (shading) in m s1. (d) August–
October 500 hPa relative humidity means (contours) and anomalies (shading) in %.
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an examination of relative humidity at 500 mb (Figure 2d) reveals why very little activity was observed
directly in the MDR. Conditions in this midlevel area were extremely dry. When one considers the rank of
average relative humidity conditions in the MDR over the peak of the season, the 2016 season ranks as
one of the least conducive on record, ranking 65 out of 69. This explains why there is a lack of storms in
the MDR (Figure 1).
Figure 3 shows howmidlevel relative humidity changes throughout the season. As noted earlier, for much of
the season, conditions in the MDR are not conducive to tropical cyclone development (Figures 3a–3c).
However, Figure 3d shows a dramatic change in relative humidity compared with the rest of the season, with
October conditions being conducive for tropical cyclone development. This contributed to the high October
activity as noted in Tables 1 and 2 and section 3.1. It is in this month when Hurricane Matthew formed, which
caused death and destruction ﬁrst in Haiti and then in the United States. Then, Hurricane Nicole formed soon
after as the next storm of the season. This is the ﬁrst time we had two hurricanes of Category 4 or greater
intensity in the month of October. Furthermore, Nicole brushed Bermuda, and this is only the ﬁfth hurricane
ever to do so in the month of October.
3.3. Intraseasonal Variability
Collins and Roache [2011] have previously shown the inﬂuence of the Madden-Julian Oscillation (MJO)
[Madden and Julian, 1971, 1994] on intraseasonal tropical cyclone formation in the eastern North Paciﬁc.
Klotzbach [2010] noted large differences in tropical cyclone activity in terms of frequency and intensity with
regard to the phase of the MJO in the tropical Atlantic as well as the Gulf of Mexico and northwest Caribbean.
Figure 3. 500 hPa relative humidity by month.
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The MJO is resolved through 850 hPa zonal wind anomalies. Figure 4 shows a Hovmöller diagram of the
850 mb zonal wind averaged between 5°S and 5°N. An active MJO period extends from the previous year
into January (expressed by the eastward progression of positive anomalies indicating the convectively
active phase of the MJO and highlighted with black ellipses), with a second active period late May/early
June. The ﬁrst ellipse corresponds with the development of early season storm, Hurricane Alex, and
the second corresponds with the next three storms to form (Bonnie, Connie, and Danielle, all of tropical
storm strength).
4. Conclusions
The focus of this article was on the tropical activity in the North Atlantic during 2016. The manuscript
examines seasonal large-scale environmental conditions during the peak season, and it was shown that while
several variables in the MDRwere conducive to tropical cyclone development, midlevel relative humidity was
not favorable to tropical cyclone development there, and this explains the lack of activity in the MDR during
the peak season. Intraseasonal analysis of the MJO shows that its inﬂuence likely manifested in the early sea-
son January storm (Hurricane Alex) and the late May/June storms.
Several rare events occurred in 2016, with some never observed before in the Atlantic. In particular, we
saw Hurricane Matthew become a Category 5 at the most southern latitude on record for the North
Atlantic Ocean, with this storm later making landfall over Haiti (as a Category 4 hurricane) and the
United States (as a Category 1 hurricane). It was also noted that in October, the midlevel relative humidity
became conducive to formation, and this corresponds with the October peak in ACE, with the occurrence
of Category 5 Hurricane Matthew and Category 4 Hurricane Nicole. Hurricane Nicole passed near Bermuda
as a Category 3 and was only the ﬁfth tropical cyclone to impact Bermuda in October since 1950.
Furthermore, 2016 was the ﬁrst observed season with two Category 4 or stronger storms in the month
of October. In addition, this was the ﬁrst observed season with two storms striking both Bermuda and
the Azores. These extremes are perhaps a glimpse of future hurricane seasons in light of the ongoing
global climate change.
Figure 4. The 850 hPa zonal wind anomaly (m s1) Hovmöller diagram, averaged from 5°S to 5°N. The black ellipses high-
light eastward progression of the convectively active phase of the Madden-Julian Oscillation. Data obtained from the
NCEP/NCAR reanalysis (anomalies based on the 1981–2010 climatology).
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